We demonstrate a noninvasive technique for generating differential thermal maps of semiconductor edifices in integrated circuits ͑IC͒ at diffraction-limited resolution. An inexpensive optical feedback laser-scanning microscope detects changes in the optical beam-induced currents ͑OBIC͒ that are produced in the active layer in response to variations in the IC package temperature. The OBIC yield of a semiconductor normally increases with temperature. A differential thermal map derived from the OBIC output variations, shows locations of high thermal activity in the active layer including anomalous regions where the OBIC outputs decrease with increasing temperature. Anomalous regions are loci of accumulating semiconductor electrical resistance that are highly susceptible to device failure. They provide the best jump-off points for efficient and accurate IC fault analysis procedure. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2138794͔
The heat that is accumulated in live integrated circuits ͑IC͒ is becoming more difficult to manage as IC transistor densities continue to increase at a rapid rate as predicted by Moore's law. 1 Effective heat management is vital in avoiding device malfunction that usually begins in pockets ͑hot spots͒ of abnormally high thermal activity in the IC active layer. The development of new noninvasive methods for detecting hotspots at high spatial resolution, speed, and sensitivity is critical in the semiconductor industry.
Several optical techniques are already available for thermal mapping. Researchers have used infrared lock-in thermography to improve the signal-to-noise ratio ͑SNR͒ of the detected thermal emission signal for evaluating the thermal reliability of thin films 2 and detecting surface 3, 4 and subsurface 5 IC defects. However, the high cost of a sensitive infrared charge coupled device ͑CCD͒ camera has prevented the wide use of the technique in thermal characterization procedures. The dependence of spectral reflectance with temperature has also been utilized to generate thermoreflectance maps [6] [7] [8] that reveal the heat distribution in the active layer. Reflectance spectra at short wavelengths could be obtained with visible CCD camera that resulted in improved resolution of observation.
Optical beam induced resistance change ͑OBIRCH͒ imaging has also been used to determine the resistance variations in the active layer by localized heating with a focused infrared ͑IR͒ excitation beam. 9 OBIRCH images have relatively high contrast because they do not contain background contributions from single-photon optical beam-induced currents ͑OBIC͒. The OBIC technique is effective for mapping the absorption characteristics of semiconductor sites in the active layer. 10, 11 Metals and dielectrics do not produce an OBIC signal.
Here, we demonstrate a new method for generating thermal gradient maps of the active layer from the OBIC signals that are produced when illuminated with focused excitation beam. Unlike that of OBIRCH, the SNR of the OBIC signal increases with decreasing excitation wavelength e since the absorption cross section of semiconductors increases with decreasing e . Resistive structures are imaged with better contrast and with a threefold improvement in lateral resolution ͑with UV excitation͒ over OBIRCH and IR thermal microscopy.
We implement our technique using a compact and inexpensive laser scanning confocal microscope that utilizes optical feedback ͑OF͒ detection with a semiconductor laser ͑SL͒. Differences in OBIC response as a function of IC package temperature T are determined at the location of the focused laser beam to generate a pair of thermal gradient maps of the active layer. One map shows the locations of normal thermal behavior where the semiconductor resistance decreases with T. The other map reveals regions where the resistance increases anomalously with T. The normal map is valuable for gauging the integrity of the IC structure under thermal stress while the anomalous map reveals possible fault sites where the resistance increases with T.
Two-photon excitation microscopy was employed to test device functionality 12 and derive three-dimensional images 13 of flip-chip IC samples. Three-dimensional discrimination of semiconductor and metallic sites has also been demonstrated with an inexpensive technique that combines laser beamscanning confocal microscopy with OBIC imaging 10 which was later improved with the use of OF detection.
14 The technique has been employed to study defects in semiconductor and metallic edifices in the active layer. 11 Here, we utilize the sensitivity of OBIC output to temperature variations to develop a new technique for generating differential thermal maps at diffraction-limited resolution.
Our confocal microscope utilizes a commercially available SL ͑Sharp LT024MD, nominal e = 793 nm at 25°C͒ for both excitation and detection of reflected light from the IC sample ͓Fig. 1͑a͔͒. Changing T from 20 to 50°C could vary e from 792.5 to 796.5 nm. We use the built-in monitor photodiode in the SL package to measure the SL output power. The diverging SL output beam is passed through an optical array that consists of a collimating lens C ͓Melles-Griot 06GLC003; numerical aperture ͑NA͒ = 0.276; focal length = 14.5 mm͔, anamorphic prisms AP ͑Melles-Griot 06GPA004; 3 ϫ magnification͒ and an iris diaphragm D to produce a diffraction-limited spot when focused by the objective lens O ͑Olympus UPlanFl, infinity corrected, full NA= 0.5, stopped NA= 0.39͒ onto the active layer. The SL is operated at 25°C using SL currenttemperature controller ͑Melles-Griot 06 DLD 105͒. A cascaded thermoelectric cooler ͑TEC͒ controls the package temperature T. The OF confocal microscope is compact because the reflected signal from the IC sample is measured without an external photodetector and a detector pinhole. In SL, OF detection works because the SL output power is sensitive to external optical pumping. 15, 16 The focused excitation beam simultaneously produces the OBIC and confocal reflectance signals from a diffractionlimited spot in the active layer. The OBIC signal is fed to a current preamplifier ͑Stanford Research Systems͒ and digitized at 12-bit resolution ͑National Instruments model 6024E, sampling rate= 200 kHz͒. Two-dimensional images are obtained by scanning the IC sample relative to a stationary focused beam. Confocal images at different axial z positions, are obtained with a computer-controlled, triaxis, closed-loop servomotor stage ͑Thorlabs PT3-Z6, displacement resolution= 50 nm͒.
Note that OF detection has improved the SL performance by lowering the SL threshold current by about 20% and increasing the SL lasing efficiency from 0.56 to 0.68 mW/ mA. Above threshold, the SL output power remains proportional to I SL even in the presence of a strong OF. Figure 1͑b͒ shows the axial response ͑circles, full width at half maximum= 6.4 m͒ of the confocal microscope that is obtained by scanning a mirror sample along the z axis. The axial response peaks at the geometrical focus ͑z =0͒. It decreases quickly as the mirror is displaced away from z = 0. The sensitivity of the axial response to z provides the optical sectioning capability of the confocal microscope. Also plotted is the theoretical response of ͉sinc͑u /2͉͒, that assumes a uniformly illuminated pupil of the collimating objective lens where u = ͑8z / ͒sin 2 ͑␣ /2͒ and NA= sin ␣. 15, 16 A discrepancy is observed between the theoretical and measured axial response especially at z locations far from z = 0. The SL produces a far field beam intensity profile that is asymmetrically Gaussian with unequal full widths at half maximum along the meridional and sagittal planes of beam propagation. It leads to an objective pupil that is not uniformly illuminated. The difference is minimized if we use smaller pupils ͑low NA objectives͒ but at the expense of imaging resolution.
Generally, the corresponding OBIC images have low contrast and look similar even when taken at different axial positions of the active layer because the detected OBIC signal accounts for all the currents that are generated through the path of the focused excitation beam. The axial response of OBIC is essentially flat and independent of z. 10, 11, 14 We investigated the thermal characteristics of a gallium arsenide ͑GaAs͒ photodiode array sample ͑MN8090 Matsushita 5017͒. GaAs has a band gap energy of E b = 1.35 eV at 25°C and is transparent ͑and nonabsorbing͒ at e Ͼ 860 nm. Confocal and OBIC images were acquired from the same axial location of the sample at seven different T values in the range: 26°C ഛ T ഛ 86°C and at increments of 10°C. A pair of confocal and OBIC images ͑image size: 100 ϫ 100 pixels; sampling interval= 1.8 m͒ is obtained is less than 8 min.
We have observed that an increase in T induces a thermal expansion across the surface of the photodiode array and the heat block that attached it to the TEC. The expansion displaced the sample from the beam focus and led to erroneous measurements for both confocal and OBIC signals. The problem was avoided by strictly enforced the confocality condition to achieve optimal pumping of the SL active medium by OF and to ensure that the sample is always at the focal plane.
Because the OBIC signal is proportional to the incident excitation power the OBIC images are sensitive to changes in the SL output power. To eliminate power-related interferences, all OBIC images were produced with the SL operated at constant power mode to account for possible temperaturedependent variations in the semiconductor absorption cross section. Hence, any change in the leakage current is attributed solely to thermal effects.
In most of the semiconductor sites, an increase of the OBIC output was observed with increasing T. However, certain regions in the active layer were found to produce OBIC signals that atypically decrease with increasing T. We proceed to quantify and segregate the two thermal phenomena.
We utilize the solar cell model to describe the photocurrent I OBIC that is generated by optical excitation of the photodiode array sample:
, where I SC is the short-circuit photocurrent which is a function of the photon flux density and quantum efficiency,I D is the dark current, I 0 is the saturation current, q is the charge of carrier , V is the potential difference across the terminals of the sample, and k B is the Boltzmann constant. The ideality factor m accounts for the weak dependence of I D on V. For a given photon energy, I SC and I 0 are both constants.
When light strikes a pn junction, I OBIC increases exponentially with T for a constant V. Semiconductor sites in the active layer where the generated I OBIC decreases with T, are potential "hotspots." Such an anomalous behavior could be due to an electrical resistance that grows with T causing the sites to heat more quickly than their surroundings or recombination centers. 18 We measured the OBIC yield ͑in terms of average OBIC image pixel value͒ as a function of T from four different locations as illustrated in the confocal image of Fig. 2͑a͒ . The mean OBIC outputs as a function of T are presented in Fig. 2͑b͒ where the solid curves are described by the mean pixel value= A − B exp͓␣͑n͒ / T͔, A and B are constants, and n is the pixel number. Semiconductors that exhibit normal ͑anomalous͒ OBIC activity with T are described by positive ͑negative͒ ␣͑n͒ values. Sites 3 and 4 contain normal semiconductors since ␣͑3͒ = 11.83, and ␣͑4͒ = 32.29. Sites 1 and 2 have negative values: ␣͑1͒ = −13.8, and ␣͑2͒ = −15.20. They contain anomalous sites whose OBIC decreases with increasing T.
Knowledge of ␣͑n͒ for all possible n values allows us to construct a thermal gradient map ͕␣͑n͖͒ that provides information about the thermal activity in the active layer. The two possible algebraic signs of ␣͑n͒ produce a pair of exclusive gradient maps of the normal and anomalous semiconductor sites. The left image in Fig. 2͑c͒ is a thermal gradient map of normal OBIC activity ͓␣͑n͒ Ͼ 0͔ in the active layer. Regions with maximum thermal gradients ͑red, e.g., locations 3 and 4 of confocal image͒ indicate sites that are most susceptible to heating effects while those in blue corresponds to low thermal activity.
The right image in Fig. 2͑c͒ is an overlay of the thermal gradient map and the confocal image ͓Fig. 2͑a͔͒. It reveals the locations of the normal semiconductor sites at high spatial resolution. The two vertically oriented semiconductor strips ͑indicated by arrows͒ have a uniform thermal response but the rest of image shows nonuniform responses ranging from none to maximum even in regions that are physically contiguous.
The left image in Fig. 2͑d͒ is a thermal gradient map of anomalous semiconductor sites ͓␣͑n͒ Ͻ 0͔ in the active layer. The right image in Fig. 2͑d͒ is an overlay of gradient map and the confocal image. It illustrates that the anomalous regions exhibit a varying degree of response ͑in terms of decrease in the OBIC output͒ to increasing T. Anomalous regions are classified as hotspots where the electrical resistance increases with T-a signature of anomalous heating that is determined in OBIRCH imaging and other thermal methods. [2] [3] [4] [5] [6] [7] [8] [9] Hotspots are zones that are defective or highly susceptible to catastrophic failure. Figure 2 illustrates the accurate detection of hotspots in the IC sample. We have precisely and quickly separated the normal semiconductor sites from anomalous ones via the algebraic signs of their associated ␣͑n͒ values. In OBIRCH imaging, the two regions are segregated by background suppression since only resistive structures generate OBIRCH signals.
We have demonstrated a new noninvasive technique for mapping the thermal activity of semiconductor edifices in the IC active layer using a compact SL scanning confocal microscope that employs OF detection. A pair of thermal gradient maps is generated. One map only shows semiconductor sites that respond normally to changes in IC package temperature and the other only presents the anomalous regions. Locations of normal ͑anomalous͒ regions are determined precisely by overlaying the normal ͑anomalous͒ thermal gradient map on the confocal reflectance image of the active layer. Thermal gradient maps are valuable in failure analysis of new IC devices before such devices are approved for mass production. In our technique the gradient maps are produced without an expensive IR CCD camera.
FIG.
2. ͑Color online͒ ͑ a͒ Confocal image ͑size= 180 m ϫ 180 m, I SL ϭ85 mA, SL outputϭ44.1 mW͒ indicating the four sites under test, ͑b͒ OBIC output of four sites vs IC temperature T, ͑c͒ thermal gradient map ͑left͒ of normal semiconductor sites 3 and 4 and its overlay ͑right͒ with confocal image, and ͑d͒ thermal map ͑left͒ of anomalous sites 1 and 2 and its overlay ͑right͒ with confocal image.
